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A method for making a semiconductor device is described. 
That method comprises forming an oxide layer on a sub 
strate, and forming a high-k dielectric layer on the oxide 
layer. The oxide layer and the high-k dielectric layer are then 
annealed at a suf?cient temperature for a suf?cient time to 
generate a gate dielectric With a graded dielectric constant. 
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METHOD FOR MAKING A 
SEMICONDUCTOR DEVICE HAVING A 

HIGH-K GATE DIELECTRIC 

This is a Divisional application of Ser. No. 10/935,784 
?led Sep. 7, 2004, Which is presently pending. 

FIELD OF THE INVENTION 

The present invention relates to methods for making 
semiconductor devices, in particular, semiconductor devices 
that include high-k dielectric layers. 

BACKGROUND OF THE INVENTION 

MOS ?eld-effect transistors With very thin silicon dioxide 
based gate dielectrics may experience unacceptable gate 
leakage currents. Forming the gate dielectric from certain 
high-k dielectric materials can reduce gate leakage. To 
ensure acceptable transistor performance, it may be neces 
sary to form a transition oxide betWeen the underlying 
substrate (e.g., a silicon Wafer) and the high-k dielectric 
layer. If, hoWever, there is an abrupt dielectric constant 
transition betWeen the interfacial oxide and the high-k 
dielectric, the resulting ?lm may be unreliable. A transistor 
With such a ?lm may have an unstable threshold voltage (Vt) 
if the transition oxide breaks doWn quickly, When subjected 
to an applied ?eld. 

Accordingly, there is a need for an improved process for 
making a semiconductor device that includes a high-k gate 
dielectric. There is a need for a process for forming a gate 
dielectric that does not shoW a sharp dielectric constant 
transition betWeen a high-k dielectric and an interfacial 
oxide. The method of the present invention provides such a 
process. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. lailc represent cross-sections of structures that 
may be formed When carrying out an embodiment of the 
method of the present invention. 

FIGS. 2114219 illustrate hoW an electric ?eld across a 
conventional structure may compare to an electric ?eld 
across the FIG. 10 structure. 

FIGS. 3114319 represent cross-sections of structures that 
may be formed When carrying out another embodiment of 
the method of the present invention. 

Features shoWn in these ?gures are not intended to be 
draWn to scale. 

DETAILED DESCRIPTION OF THE PRESENT 
INVENTION 

A method for making a semiconductor device is 
described. That method comprises forming an oxide layer on 
a substrate and forming a high-k dielectric layer on the oxide 
layer. The oxide layer and the high-k dielectric layer are then 
annealed at a suf?cient temperature for a suf?cient time to 
generate a gate dielectric With a graded dielectric constant. 
In the folloWing description, a number of details are set forth 
to provide a thorough understanding of the present inven 
tion. It Will be apparent to those skilled in the art, hoWever, 
that the invention may be practiced in many Ways other than 
those expressly described here. The invention is thus not 
limited by the speci?c details disclosed beloW. 

FIGS. lailc represent cross-sections of structures that 
may be formed When carrying out an embodiment of the 
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2 
method of the present invention. In this embodiment, the 
oxide layer that is formed on the substrate is a silicon 
oxynitride layer. As shoWn in FIG. 1a, silicon oxynitride 
layer 105 is formed on substrate 100, and high-k dielectric 
layer 110 is formed on silicon oxynitride layer 105. Sub 
strate 100 may comprise any material that may serve as a 
foundation upon Which a semiconductor device may be 
built. 

Silicon oxynitride layer 105 preferably is less than about 
15 angstroms thick, and more preferably is betWeen about 5 
angstroms and about 10 angstroms thick. Silicon oxynitride 
layer 105 may be formed on substrate 100 in a conventional 
manner. For example, a chemically or thermally groWn 
silicon dioxide layer may be formed on substrate 100 
folloWed by applying a high temperature rapid thermal 
anneal in an ammonia or nitrous oxide containing ambient to 
form silicon oxynitride layer 105. The amount of nitrogen 
added to the silicon dioxide ?lm should be controlled to 
generate a silicon oxynitride layer that Will be reliable, While 
ensuring acceptable transistor performance. 

High-k dielectric layer 110 may comprise hafnium oxide, 
hafnium silicon oxide, lanthanum oxide, lanthanum alumi 
num oxide, Zirconium oxide, Zirconium silicon oxide, tita 
nium oxide, tantalum oxide, barium strontium titanium 
oxide, barium titanium oxide, strontium titanium oxide, 
yttrium oxide, aluminum oxide, lead scandium tantalum 
oxide, and lead Zinc niobate. Particularly preferred are 
hafnium oxide, Zirconium oxide, and aluminum oxide. 
Although a feW examples of materials that may be used to 
form such a high-k dielectric are described here, that dielec 
tric may be made from other materials that serve to reduce 
gate leakage. 

High-k dielectric layer 110 may be formed on silicon 
oxynitride layer 105 using a conventional deposition 
method, e.g., a conventional CVD, loW pressure CVD, or 
physical vapor deposition (“PVD”) process. Preferably, a 
conventional atomic layer CVD process is used. In such a 
process, a metal oxide precursor (e.g., a metal chloride) and 
steam may be fed at selected ?oW rates into a CVD reactor, 
Which is then operated at a selected temperature and pres 
sure to generate an atomically smooth interface betWeen 
silicon oxynitride layer 105 and dielectric layer 110. The 
CVD reactor should be operated long enough to form a layer 
With the desired thickness. In most applications, dielectric 
layer 110 should be less than about 40 angstroms thick, and 
more preferably betWeen about 5 angstroms and about 30 
angstroms thick. 

After forming high-k dielectric layer 110, capping layer 
115 may be formed on layer 110 to generate the FIG. 1b 
structure. Capping layer 115 may comprise a barrier layer or 
a sacri?cial layer. When capping layer 115 comprises a 
barrier layer, a gate electrode (Which may be derived from 
polysilicon or one or more metal layers) may subsequently 
be formed upon capping layer 115. When capping layer 115 
comprises a sacri?cial layer, capping layer 115 Will be 
removed prior to forming a gate electrode on the gate 
dielectric. When a barrier layer, capping layer 115 may 
comprise a metal nitride layer (e.g., a titanium nitride layer) 
that is betWeen about 10 angstroms and about 25 angstroms 
thick. When a sacri?cial layer, capping layer 115 may 
comprise, for example, a silicon layer or a titanium nitride 
layer that is betWeen about 10 angstroms and about 50 
angstroms thick. Conventional CVD or PVD processes may 
be used to form capping layer 115. 

After forming capping layer 115 on high-k dielectric layer 
110, silicon oxynitride layer 105 and high-k dielectric layer 
110 are annealed to create gate dielectric 120, as shoWn in 
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FIG. 10. (Capping layer 115 is omitted from FIG. 10 so as 
not to obscure the invention.) Silicon oxynitride layer 105 
and high-k dielectric layer 110 should be annealed at a 
sufficient temperature for a suf?cient time to generate a gate 
dielectric With a graded dielectric constant. In a preferred 
embodiment, silicon oxynitride layer 105 and high-k dielec 
tric layer 110 are annealed at a temperature of at least about 
8000 C. for at least about 30 seconds in a chemically inactive 
environment, e.g., in a nitrogen or argon ambient. In a 
particularly preferred embodiment, silicon oxynitride layer 
105 and high-k dielectric layer 110 are annealed at a 
temperature that is betWeen about 8000 C. and about 1,1000 
C. for betWeen about 30 seconds and about 5 minutes. 

Such a high temperature rapid thermal anneal should 
cause high-k dielectric layer 110 and silicon oxynitride layer 
105 to inter-diffuse. As a result, the composition of gate 
dielectric 120 may be like silicon oxynitride at interface 125, 
like the high-k dielectric layer at surface 130, and like a 
graded silicate in betWeen. If, for example, high-k dielectric 
layer 110 comprises hafnium oxide, the anneal should 
ensure that gate dielectric 120 comprises a HfSiO,C silicate in 
Which the ratio of hafnium to silicon Within gate dielectric 
120 gradually increases from interface 125 to its upper 
surface 130. 

FIGS. 2114219 illustrate hoW an electric ?eld across a 
conventional structure may compare to an electric ?eld 
across the FIG. 10 structure. When Vcc of 1.0V is applied to 
a gate dielectric With a conventional structureiformed on 
silicon substrate 200iand an Etox of about 13.5 angstroms, 
the electric ?eld across silicon oxynitride layer 205 may be 
about 8 MV/cm, compared to an electric ?eld across high-k 
dielectric layer 210 of about 1.3 MV/cmias FIG. 2a 
illustrates. Because a signi?cant part of the gate dielectric is 
exposed to a relatively high electric ?eld, the gate dielectric 
may be unreliable. 

In contrast, When a similar voltage is applied to a gate 
electrode of similar thickness, but Which has a graded 
dielectric constant, the electric ?eld may decrease across the 
gate dielectric from 8 MV/cm to 1.3 MV/cm in a gradual 
fashionias FIG. 2b illustrates. Because a relatively minor 
portion of gate dielectric 120 is exposed to a relatively high 
electric ?eld, gate dielectric 120 should be more reliable. 
Taking as an example a hafnium containing dielectric, the 
FIG. 2b structure represents a gate dielectric that does not 
include hafnium at the interface betWeen gate dielectric 120 
and substrate 100. In some cases, it may be desirable to 
increase the hafnium concentration at that location to ensure 
that the electric ?eld at that interface is less than the 8 
MV/cm of FIG. 2b. 
When capping layer 115 comprises a barrier layer, e.g., 

one comprising titanium nitride, it may ensure that the 
underlying dielectric ?lm remains amorphous as it is 
annealed, Which may be desirable. In addition, such a barrier 
layer may serve as a diffusion barrier betWeen the gate 
dielectric and a gate electrode to be formed on it. When 
capping layer 115 is a sacri?cial layer, it may getter impu 
rities from the underlying high-k dielectric layer during the 
anneal. Removing impurities from the hi gh-k dielectric layer 
may enhance compatibility betWeen the resulting gate 
dielectric and a subsequently formed gate electrode. After 
the anneal step, such a sacri?cial layer may be removed, e.g., 
by applying a Wet etch process that is selective for the 
sacri?cial layer over the underlying gate dielectric. 

Although not shoWn, after the anneal step conventional 
techniques may be used to deposit a polysilicon layer (from 
Which a gate electrode may be derived) onto the barrier 
layer4or directly on the gate dielectric if capping layer 115 
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4 
comprises a sacri?cial layer. Such a polysilicon layer and 
underlying layers may then be etched, folloWed by siliciding 
all or part of the polysilicon layer in the conventional 
manner. Alternatively, a metal gate electrode may be formed 
on the barrier layer, or directly on the gate dielectric. As such 
steps are Well knoWn to those skilled in the art, they Will not 
be described in more detail here. 

In the embodiments described above, capping layer 115 
comprises a barrier or sacri?cial layer that is formed on 
high-k dielectric layer 110 prior to forming a gate electrode 
material on the barrier layer or the dielectric layer. Altema 
tively, capping layer 115 may comprise an n-type or p-type 
metal layer, from Which a metal gate electrode may be made, 
that is deposited directly on high-k dielectric layer 110 
Without ?rst forming a barrier or sacri?cial layer on that 
dielectric layer. If capping layer 115 comprises an n-type 
metal layer, from Which an NMOS metal gate electrode may 
be formed, capping layer 115 preferably has a Workfunction 
that is betWeen about 3.9 eV and about 4.2 eV. N-type 
materials that may be used to form such an n-type metal 
layer include hafnium, Zirconium, titanium, tantalum, alu 
minum, and metal carbides that include these elements, i.e., 
titanium carbide, Zirconium carbide, tantalum carbide, 
hafnium carbide and aluminum carbide. Such an n-type 
metal layer may be formed on high-k dielectric layer 110 
using a conventional CVD or PVD process, and should be 
thick enough to ensure that any material formed on it Will 
not signi?cantly impact its Workfunction. Preferably, such 
an n-type metal layer is betWeen about 20 angstroms and 
about 2,000 angstroms thick, and more preferably is 
betWeen about 100 angstroms and about 300 angstroms 
thick. 

If capping layer 115 comprises a p-type metal layer, 
capping layer 115 preferably has a Workfunction that is 
betWeen about 4.9 eV and about 5 .2 eV. P-type materials that 
may be used to form such a p-type metal layer include 
ruthenium, palladium, platinum, cobalt, nickel, or a conduc 
tive metal oxide, e.g., ruthenium oxide. Such a p-type metal 
layer may be formed on high-k dielectric layer 110 using a 
conventional PVD or CVD process, preferably is betWeen 
about 20 angstroms and about 2,000 angstroms thick, and 
more preferably is betWeen about 100 angstroms and about 
300 angstroms thick. 

In this alternative embodiment, it may be desirable to 
perform the anneal step prior to forming the capping layer 
(from Which a metal gate electrode Will be derived) on 
high-k dielectric layer 110idepending upon the composi 
tion of the metal layer to be formed on the dielectric layer. 
For example, if capping layer 115 comprises an n-type metal 
that cannot tolerate high temperatures, it may be necessary 
to perform the anneal step prior to forming capping layer 115 
on high-k dielectric layer 110. 

FIGS. 3a43b represent cross-sections of structures that 
may be formed When carrying out another embodiment of 
the method of the present invention. In this embodiment, 
silicon dioxide layer 305 is formed on substrate 300, as FIG. 
3a illustrates. Silicon dioxide layer 305 preferably is less 
than about 10 angstroms thick, and more preferably is 
betWeen about 5 angstroms and about 10 angstroms thick. 
When substrate 300 comprises a silicon Wafer, silicon diox 
ide layer 305 may be chemically groWn as folloWs. First, the 
silicon Wafer is exposed to a dilute hydro?uoric acid (“HF”) 
solution, e.g., a 50:1 Water to HP solution. The Wafer may 
then be placed in a megasonic tank, and exposed ?rst to a 
Water/H2O2/NH4OH solution, then to a Water/H2O2/HCl 
solution. The Water/H2O2/NH4OH solution may remove 
particles and organic contaminants, and the Water/H2O2/HCl 
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solution may remove metallic contaminants. This process 
for cleaning a silicon Wafer may generate a chemically 
grown silicon dioxide layer of the desired thickness. 

After forming silicon dioxide layer 305, high-k dielectric 
layer 310 is formed on layer 305, generating the FIG. 3b 
structure. Materials and processes identi?ed above may be 
used to make high-k dielectric layer 310. Silicon dioxide 
layer 305 and high-k dielectric layer 310 are then annealed 
by exposing them to ammonia at a temperature of at least 
about 650° C. for at least about 1 minute. In a preferred 
embodiment, silicon dioxide layer 305 and high-k dielectric 
layer 310 are exposed to ammonia at a temperature that is 
betWeen about 6500 C. and about 900° C. for betWeen about 
1 minute and about 10 minutes. To effect such an anneal, a 
silicon Wafer covered With silicon dioxide layer 305 and 
high-k dielectric layer 310 may be placed in an enclosed 
chamber, then exposed to ammonia that is fed into the 
chamber at about 500 sccm (along With nitrogen delivered at 
20 slm) for the selected time at the selected temperature. The 
resulting gate dielectric may have a dielectric constant that 
varies in a gradual Way from its interface With substrate 300 
to its upper surface. 

The method of the present invention may yield a gate 
dielectric With a graded dielectric constant. Because a tran 
sistor With such a gate dielectric may have a relatively stable 
threshold voltage, When subjected to an applied ?eld, such 
a gate dielectric may enable a reliable device. Although the 
foregoing description has speci?ed certain steps and mate 
rials that may be used in the method of the present invention, 
those skilled in the art Will appreciate that many modi?ca 
tions and substitutions may be made. Accordingly, it is 
intended that all such modi?cations, alterations, substitu 
tions and additions be considered to fall Within the spirit and 
scope of the invention as de?ned by the appended claims. 
What is claimed is: 
1. A method for making a semiconductor device compris 

mg: 
forrning a silicon dioxide layer on a substrate; 
forming a high-k dielectric layer on the silicon dioxide 

layer; 
forming a capping layer on the high-k dielectric layer; and 
exposing the silicon dioxide layer and the high-k dielec 

tric layer to ammonia at a temperature of at least about 
6500 C. for at least about 1 minute to generate a gate 
dielectric With a graded dielectric constant; and 

removing the capping layer after annealing the silicon 
dioxide layer and the high-k dielectric layer. 

2. The method of claim 1 Wherein the silicon dioxide layer 
is less than about 10 angstroms thick, and is formed by 
exposing the substrate to hydro?uoric acid, then to a ?rst 
aqueous solution that comprises hydrogen peroxide and 
ammonium hydroxide, and then to a second aqueous solu 
tion that comprises hydrogen peroxide and hydrogen chlo 
ride. 

3. The method of claim 1 Wherein the high-k dielectric 
layer is less than about 40 angstroms thick, and comprises a 
material that is selected form the group consisting of 
hafnium oxide, hafnium silicon oxide, lanthanum oxide, 
lanthanum aluminum oxide, Zirconium oxide, Zirconium 
silicon oxide, titanium oxide, tantalum oxide, barium stron 
tium titanium oxide, barium titanium oxide, strontium tita 
nium oxide, yttrium oxide, aluminum oxide, lead scandium 
tantalum oxide, and lead Zinc niobate. 

4. The method of claim 1 Wherein the silicon dioxide layer 
and the high-k dielectric layer are exposed to ammonia at a 
temperature that is betWeen about 6500 C. and about 900° C. 
for betWeen about 1 minute and about 10 minutes. 

5. The method of claim 1 Wherein the capping layer 
comprises a metal that is selected from the group consisting 
of a metallic nitride, hafnium, Zirconium, titanium, tantalum, 
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6 
aluminum, a metal carbide, ruthenium, palladium, platinum, 
cobalt, nickel and a conductive metal oxide. 

6. A method for making a semiconductor device compris 
mg: 

forrning a silicon dioxide layer on a substrate; 
forming a high-k dielectric layer on said silicon dioxide 

layer; 
forming a sacri?cial capping layer on said high-k dielec 

tric layer; and 
subsequent to forming said sacri?cial capping layer, 

annealing said silicon dioxide layer and said high-k 
dielectric layer at a suf?cient temperature and for a 
suf?cient time to generate a gate dielectric With a 
graded dielectric constant; and 

removing said sacri?cial capping layer. 
7. The method of claim 6 Wherein said high-k dielectric 

layer is less than about 40 angstroms thick and comprises a 
material that is selected form the group consisting of 
hafnium oxide, hafnium silicon oxide, lanthanum oxide, 
lanthanum aluminum oxide, Zirconium oxide, Zirconium 
silicon oxide, titanium oxide, tantalum oxide, barium stron 
tium titanium oxide, barium titanium oxide, strontium tita 
nium oxide, yttrium oxide, aluminum oxide, lead scandium 
tantalum oxide and lead Zinc niobate. 

8. The method of claim 7 Wherein said sacri?cial capping 
layer comprises a metal that is selected from the group 
consisting of a metallic nitride, hafnium, Zirconium, tita 
nium, tantalum, aluminum, a metal carbide, ruthenium, 
palladium, platinum, cobalt, nickel and a conductive metal 
oxide. 

9. The method of claim 6 Wherein said gate dielectric With 
said graded dielectric constant comprises a bottom surface 
like said silicon dioxide layer, a top surface like said high-k 
dielectric layer and a graded silicate in betWeen. 

10. The method of claim 6 Wherein said sacri?cial cap 
ping layer is removed by applying a Wet etch process that is 
selective for said sacri?cial capping layer over said gate 
dielectric With said graded dielectric constant. 

11. A method for making a semiconductor device com 
prising: 

forrning a silicon dioxide layer on a substrate; and 
subsequent to forming said silicon dioxide layer, forming 

a high-k dielectric layer on said silicon dioxide layer; 
and 

subsequent to forming said high-k dielectric layer, form 
ing a capping layer on said high-k dielectric layer; and 

subsequent to forming said capping layer, annealing said 
silicon dioxide layer, said high-k dielectric layer and 
said capping layer at a suf?cient temperature and for a 
suf?cient time to generate a gate dielectric With a 
graded dielectric constant; and 

subsequent to annealing said silicon dioxide layer, said 
high-k dielectric layer and said capping layer, removing 
said capping layer. 

12. The method of claim 11 Wherein said gate dielectric 
With said graded dielectric constant comprises a bottom 
surface like said silicon dioxide layer, a top surface like said 
high-k dielectric layer and a graded silicate in betWeen. 

13. The method of claim 11 Wherein said capping layer is 
removed by applying a Wet etch process that is selective for 
said capping layer over said gate dielectric With said graded 
dielectric constant. 

14. The method of claim 11 Wherein said silicon dioxide 
layer, said high-k dielectric layer and said capping layer are 
annealed in the presence of ammonia at a temperature of at 
least about 6500 C. for at least about 1 minute. 


